Artefacts in Neutron CT – Their effects and how to Reduce some of Them  by Schillinger, Burkhard & Grazzi, Francesco
  Physics Procedia  69 ( 2015 )  244 – 251 
Available online at www.sciencedirect.com
1875-3892 © 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Selection and peer-review under responsibility of Paul Scherrer Institut
doi: 10.1016/j.phpro.2015.07.034 
ScienceDirect
10th World Conference on Neutron Radiography 5-10 October 2014 
Artefacts in Neutron CT – Their effects  
and how to reduce some of them 
Burkhard Schillinger a,b*, Francesco Grazzi c
aTechnische Universität München, Heinz Maier-Leibnitz Zentrum (FRM II),  Lichtenbergstr.1,  Garching, Germany 
bTechnische Universität München, Fakultät für Physik E21, Boltzmannstr.1,  Garching, Germany 
cConsiglio Nazionale delle Ricerche, Istituto dei Sistemi Complessi, Sesto Fiorentino, Firenze,Italy 
Abstract 
Neutron computed tomography relies on plain mathematical projections of the sample onto an ideal detector to reconstruct a 
three-dimensional model of the sample. However, several effects disturb this assumption, like buildup of afterglow on the 
scintillation screen, degradation of the screen during the measurement, background by neutrons scattered in the sample, and 
edge effects by reflection and refraction on sample edges and surfaces.  
Calculating a correct mathematical correction, e.g. using a point spread function, requires a lot of a priori knowledge about the 
sample and the detection system and cannot be given universally. This publication describes the observation of artefacts in 
neutron imaging and gives physical arguments for simple mathematical corrections to reduce, but not fully remove these 
artefacts in the reconstructed image. Often, awareness of these error sources is even more important than full removal. 
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1. Examination of a typical n-CT measurement – scattered neutrons and buildup of afterglow 
1.1. Intensity in a ROI next to the sample 
The basic mathematical procedure for quantitative neutron radiography and computed tomography relies on 
several simplifying assumptions: 1 ) The primary neutron beam suffers exponential attenuation in the sample 2) 
The beam is monochromatic, or there are no energy-dependent effects like varying cross sections for absorption or 
scattering. 3) Neutrons that interact with the sample scattering leave the experiment and do not reach the detector. 
4) Neutrons that hit the detector reach it on a straight path. 5) The light output per detected neutron is – on the 
average – constant. 
None of these assumptions is correct in real experiments. 
A typical n-CT measurement with a cooled CCD camera detector requires a series of open beam images 
(without the sample) for determination of I0 and for normalization, images of the sample recorded under different 
angles, and a series of dark frame measurements without the beam that contains the offset and the thermal noise of 
the detector. A pneumatic fast shutter with B4C plates blocks the neutron beam at all times except for the actual 
exposure time plus a few tenths of a second. White spots caused by gamma rays directly hitting the CCD chip are 
removed first. The dark frames are averaged and then subtracted from all other measurements, then all projections 
of the sample are divided by the average of the corrected open beam images.  
An optional correction may take cares of fluctuations in beam intensity of e.g. a spallation source. For this, a 
small reference area in the open beam area outside the sample region is selected, and the image is normalized to the 
average intensity of that reference area. Fig. 1A shows an open beam image on the detector that is cut to a smaller 
than detector area by an external beam size limiter (the scintillation screen has some scratches at the bottom), 
Fig.1B shows a single radiography of a fist-sized rock containing a fossil. In the upper right corner, a region of 
interest (ROI) is marked for further evaluation. 
Fig. 1A and 1B: Open beam image and sample (a rock) with ROI in the open beam area marked 
The typical measurement sequence was: Record five open beam images, move sample into the beam, record the 
sample series (805 images), move sample out of the beam, record another five open beam images, record five dark 
frames. Fig. 2 shows the average intensity variation in the ROI in the upper right corner across the measurement 
series. 
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Fig. 2. Intensity variation of the ROI across the measurement series 
The sine in the intensity curve is certainly connected with the rotation of the irregularly formed sample, and may 
be attributed to neutrons scattered in the sample that produce additional intensity next to the sample area. The 
initial rise and final drop in intensity may either be explained by the scattered neutrons as well, or by the buildup of 
afterglow in the scintillation screen. While the sample projections are recorded with an 8-second readout break 
between irradiations, the horizontal translation of the sample into and out of the beam requires more time in the 
order of a minute, so there is a significant break between the open beam images and the sample measurements.  
Closer examination of the rising edge of the intensity curve shows increasing intensity even within the open 
beam images, some drop in the translation break, and further buildup during the first projections of the sample, 
which is a clear indication for afterglow buildup. 
Fig. 3. Buildup of intensity. 
Furthermore, a ROI in the dark area covered by the beam size limiter was investigated in order to look for clues 
for scattered neutrons. Fig. 4 shows a ROI marked in the covered area. 
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Fig. 4a and 4b: ROI in the covered dark area, and its intensity variation 
The intensity increases to more than double from the open beam images to the sample measurements, which is a 
clear indication for scattered neutrons. Again, there is a variation depending on the viewing angle of the sample. 
Far away from the sample, the irregular shape of it plays a larger role than for the ROI close to it. 
1.2. Look at the entire images: Afterglow 
To test for the hypothesis of afterglow buildup, the average of the first and the last open beam images was 
compared. Fig. 5 shows the average of the initial and trailing open beam images as well as the last projection of the 
rock. Each exposure was 80 seconds in a flux of approx. 6.5x 107 n/cm²s . 
Fig. 5: Average first set of open beam, last projection of the sample, and average of the last open beam 
Within the first five open beam (OB) images, the average intensity increases – OB1-0b5 does not deliver zero, 
but 214 grey scales (Fiug.6a). Subtracting the average of the last five OBs from the average of the first five OBs 
(Fig.6b) shows a ghost image of the last projection of the sample – Afterglow had built up more in the open beam 
regions of the scintillation screen than in the regions that had been covered by the sample. In addition, scattered 
neutrons had created even more buildup in the regions close to th edge of the sample, which can be seen as a halo 
surrounding the ghost image of the sample. 
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Fig. 6. (a) difference between fifth and first open beam, (b) ghost image of the sample in the difference between last set of OBs and first set of 
OBs 
1.3. Simple measures to reduce the effects of scattering and afterglow 
An easy correction for scattering can only be done for the part that causes a uniform additional background, 
along with the correction for afterglow. A more accurate correction for the additional profile caused by scattering 
in the sample would require an iterative process that simulates the scattering – which requires a priori knowledge 
about the sample. Such a procedure is described in Hassanein (2006). Self-normalization of each projection to the 
average intensity of a free ROI in the projection improves the data, but makes a quantitative mistake, since it 
corrects for linear scaling instead of an additive component.  
A better solution, with a stable beam given, would be to compare the average intensity in the same ROI in the 
sample projections to the ROI in the open beam images, then subtract the difference as a scalar from all 
projections. At the time of writing, this has not yet been implemented in the software used for image processing, 
and further testing is imminent. 
To account for the buildup of afterglow, a long exposure of about five to ten times the regular exposure time 
just before the set of OBs and before the set of sample projections may drive the afterglow of the screen close to 
saturation, so the buildup and variation between exposures becomes smaller. Furthermore, only OBs recorded 
before the actual sample projections should be used for normalization of the projections, so the afterglow ghost 
image of the last sample projection is not imprinted on all of the projections.  
2. Edge effects in n-CT of Indo-Persian swords 
2.1. Structure 
Samples with large smooth surfaces - and for flat surfaces dependent on the angle – may produce additional 
intensity next to the edge of the sample, caused by reflection and refraction (Butler et al, 2013). The effect is 
clearly wavelength dependent and increases with longer wavelengths. One experiment was performed on two Indo-
Persian sword blades inside an Aluminum tube holder. Fig. 7a shows the two blades nearly parallel to the incoming 
beam where the edge effect is most prominent. 
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Fig. 7. (a) The two blades nearly parallel to the neutron beam; (b) Beam profile across both blades. 
Fig. 7b shows a profile across the two blades within the Aluminum tube. The edge effect causes a local increase 
of 23% at the left blade compared to the area outside the blade. Fig. 8a shows a ROI across the right blade and the 
tube edge into the unobstructed open beam area, Fig. 8b shows a ROI outside the blade, but inside the Aluminum 
tube. Fig. 9 shows the maximum intensity value of these ROIs across all projections. The ROI inside the tube 
shows a rather constant maximum value, since it is attenuated by the Aluminum, but lower than the ROI containing 
the edges, which are clearly shown as peaks where reflection and/or refraction produce additional intensity. This 
additional intensity, when divided by the open beam image, provides numerical values greater than one, which 
corresponds to a negative attenuation, i.e. increase of intensity.  
  
Fig. 8. (a) ROI containing the blade edge, tube edge and open beam area; (b) ROI inside the Aluminum tube, without edges. 
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Fig.9 comparing of max. intensity in the ROIs 
In the tomographic reconstruction, this should produce a softening of the edge of the blade, which cannot be 
clearly identified in the tomographic reconstruction in Fig. 10, since the effect occurs only in a few angles of the 
tomographic series, and because it is overshadowed by two other artefacts: Beam hardening and incomplete 
reconstruction of concave features. The lower blade has a greater thickness, but also two concave indentures in its 
profile. The concave regions are never grazed by a tangential beam, but only by beams already attenuated by other 
parts of the blade. A ghost image of the enveloping tangentials can be seen in the image. In the upper blade, a 
haziness of the edge could be interpreted due to the edge effect, although this area is also never touched by a fully 
tangential beam.  
In addition, all edges that precede a very long path through the blade material show apparently increased 
attenuation. This effect is cause by beam hardening – the lower neutron energies are attenuated more on a shorter 
path than the higher energies, which shifts the average spectrum of the transmitted neutron beam towards higher 
wavelengths. This invalidates the assumption of a monochromatic beam for the tomographic reconstruction and 
simulates higher attenuation. In the center of the lower blade, the reconstructed value is 0.90, at the cutting edge, it 
is 1.71! 
Fig. 10. Beam hardening at the cutting edge of the blade, and hazy reconstruction in the concave area.
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2.2.  Simple  measures to reduce the effects of edges 
Again, the effect of edges can only be reduced, and not fully compensated without an iterative process.  
But since the sample projection divided by the open beam image should render values between zero and one, the 
normalized images may be clipped to a maximum value of one or slightly above (1.1) to account for noise and 
buildup of intensity. Further tests will be necessary to investigate the quantitative effect of this measure.  
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